
Developments in ME+PS merging[ Fermilab Theory Seminar � Curia II ℄----------------------------------------------Jan Winter a� CERN �
http://www.sherpa-m.de/

Will mainly talk about ...how to ombine MEs and PSs, andvarious sophistiated ways to get V+jets preditions.Plus reent puzzles related to it.

a
Sherpa authors: S. Höche, H. Hoeth, F. Krauss, M. Schönherr, F. Siegert, S. Schumann, J. Winter and K. Zapp
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• We probably do not need higher-order orretions for disoveries.

→ If we get smoking-gun signals, we an use data-driven bakground subtrations.
• Likely, end up in triky situations requiring us to know multi-jet bakgrounds [& signals℄ preisely.

→ Many new-physis signatures have leptons, MET and several jets.
→ E.g. spartile masses <3TeV � 14TeV LHC: redued SM systematis (50% → 20%) ⇒ inreases# disovered models (68% → 81%) in pMSSM study by [CONLEY, GAINER, HEWETT, PHUONG LE, RIZZO].

⇒ SM Higgs situation is good example of suh a senario.
→ We run exlusion analyses � Tevatron + LHC andhope for some exess to build up with more data.

• Largely unexploited � Run2: gg → h → WW → ℓνjj.our approah [LYKKEN, MARTIN, WINTER, IN PREPARATION]

• signal and (dominant) W+2jets bakground with Sherpa
⇒ QCD orretions (shapes) well inluded
• orret rates with K-fators (latest NNLO for signal,MCFM NLO for W+2jets)
• after basi uts plus ombinatorial h seletion using masswindows for h and jj ⇒ S/

√
B ∼ 1.9(1.2)� hadron level for Mh = 165(180)GeV. Still �nd disriminating observables
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Recent measurements tell us ... ....... a di�erent story. And it's exatly this �nal state: lepton + MET + (exl.) 2 jets.
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subtrating all bakgrounds but WW/WZ

What are the di�erenes in the two analyses. How large of an e�et an they make?Why do the diboson (or W+jets) ontributions look pretty di�erent?(... just jet algorithms, one sizes and binning?) (Size of diboson prod. xse extrated by DØ?)Why is the QCD bakground in DØ roughly twie as large? (... just looser eletron riteria?)How well do we understand all the bakgrounds and their systematis ...with the major ontribution oming from W+2jets ?
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Hadronic cross sections for weak-boson productionalulation of the hadroni ross setion relying on fatorization theorem... ... expeted to hold for A + B → V + X [COLLINS, SOPER, STERMAN, 2004 REVIEW]

σhadr =
X

ij

Z

dx1dx2 fi(x1, µF) fj(x2, µF) σpart(ij → V → . . .)

σpart ... alulable in pQCD; fi = parton density funtions (PDFs) ... extrated from data;separation of perturbative and non-perturbative regimes pQCD used to predit rosssetions in ompliated hadron ollider environmentE.g. V prodution � LO: two initial-state partonsfuse to make either W± → ℓν or Z/γ∗ → ℓ+ℓ−vetor boson has no transverse momentumE.g. V + n-jet prodution � LO: vetor bosonreoils against one or more jets (parton-level jets)highly automated ME generators � tree levelAlpgen, MadGraph/Event, Hela, LO MCFM,Amegi, Comix, Whizard
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Beyond LO
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E.g. V prodution � NNLO: fully di�erential odes:FEWZ [MELNIKOV, PETRIELLO] DYNNLO [CATANI, CIERI, FERRERA, DE FLORIAN, GRAZZINI]E.g. V + n-jet prodution � NLO:based on generalized unitarity and OPP methodsBlakHat+Sherpa [BERN, DIXON, MAITRE, ...]Roket

[MELNIKOV, ZANDERIGHI, ...]establishedMCFM

[CAMPBELL, ELLIS, ...]automatedMadFKS+MadLoop

[HIRSCHI, FREDERIX,

FRIXIONE, GARZELLI,

MALTONI, PITTAU]
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Jet production from parton showers

t = p2
a

Inlusive multi-jet preditions � LO + LL auray (underlying ore proess given � LO).QCD emissions preferably populate ollinear and soft phase-spae regions.
[ Pythia, Herwig, Ariadne, CSshower ] QCD amplitudes fatorize in the oll/soft limit.Reursive de�nition of multiple emissions:

dσn+1 = dσn

αs(t)

2 π

dt

t
dz Pa→bc(z) (e.g. oll limit)

oll/soft parton emissions iteratively added to the initial/�nal states [ LL resummation ]good desription of bulk of radiation and partile multipliity growthpartoni ensemble evolved down to hadronization sale [ ordering variable Q, ϑ, pT ]provides suitable input for universal hadronization models [ O(1GeV) ]
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Multi-jet predictions @ LO+LL and beyondTraditional approah: parton showers desribe additional jet ativity. There are limitations:shower seeds are LO (QCD) proesses onlylak of high-energeti large-angle emissionssemi-lassial piture; quantum interferenes and orrelations only approximateshower evolution proeeds in the limit of large NC (number of olours)Possible improvements:�rst few hardest emissions given by tree-level MEs improved LO+LL preditions

[ called (tree-level/LO) ME+PS merging – CKKW, L-CKKW, MLM, ME&TS – No NLO xsecs! ]use NLO QCD ore proesses and math to parton showers NLO+LL preditions

[ called NLO+PS matching – MC@NLO, POWHEG – Full NLO xsecs! ]

MENLOPS ombination of POWHEG and ME+PSSystemati embedding of higher-order QCD orretions in multi-purpose Monte Carlos likeHerwig, Pythia or Sherpa. (enormous progress in last 10 years with two e�ets)

⇒ qualitatively better desription of QCD jet data at all olliders (LEP, Hera, Tevatron)

⇒ improved handling and understanding of systemati unertainties
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matrix element: exat to given order
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Tree-level ME+PS mergingMerging proedures have main steps in ommon:(1) alulate n-jet ross setions: use jet riteria to de�ne/regularize the MEs,(2) generate hard-parton samples with ME kinematis and P ∝ n-jet/total xses,(3) aept/rejet jet on�gurations based on their (further) PS evolution,(4) �nd suitable starting onditions for the parton showering and veto unwanted jets.Di�erent methods use di�erent tehniques in dealing with (1), (3) and (4):CKKW, for example: (1) employ kT -jet measure; (3) reweight MEsthrough αs and analytial Sudakov form fators; (4) evolve eah ME partonusing kT luster sales & veto emissions above QcutExamples for ME+PS merging Monte Carlos:Alpgen � MLM; interfaed to Pythia or Herwig [MANGANO ET AL.]MadGraph/Event � MLM, one or kT jets; interfaed to Pythia [MALTONI ET AL.]Sherpa � CKKW, ME&TS from vs1.2; truly interonneted with PSs [KRAUSS ET AL.]Herwig++ � modi�ed CKKW, i.e. trunated showers [RICHARDSON ET AL.]

AMEGIC + APACIConstant K-fatorintrinsi -smearingof order 1 GeV
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CKKW [CATANI, KRAUSS, KUHN, WEBBER, JHEP 11 (2001) 063]

[KRAUSS, JHEP 08 (2002) 015]
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Comparison between merging approachesTree-level ME+PS merging preditions of Alpgen, Ariadne, Hela, MadEvent and Sherpa.
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Systematics of merging approaches [EPJC 53 (2008) 473]

W+jets � Tevatron: Alpgen (+PS by Herwig) (left) vs. Sherpa (right)
Example distributions: pT of W , η of 1st jet, ∆R12, di�erential jet rates

dσ
/d

p ⊥
W

 (
pb

/G
eV

)

(a)
Alpgen

ALsc
ALpt30
ALpt40

10-2
10-1
100
101
102
103

p⊥ W (GeV)

-0.4
-0.2

 0
 0.2
 0.4

 0  100  200  300  400  500

dσ
/d

p ⊥
W

 (
pb

/G
eV

)

(b)

25

50
100

250

500
1000

p⊥ W (GeV)

-0.4
-0.2

 0
 0.2
 0.4

 0  10  20  30  40  50

(1
/σ

)d
σ/

dη
1

(c)

 0.1

 0.2

η1

-0.4
-0.2

 0
 0.2
 0.4

-4 -3 -2 -1  0  1  2  3  4

(1
/σ

)d
σ/

d∆
R

12 (d)

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

∆R12

-1
-0.5

 0
 0.5

 1

 0  1  2  3  4  5

dσ
/d

p ⊥
W

 (
pb

/G
eV

)

(a)
Sherpa

SHsc
SHkt30
SHkt40

10-2
10-1
100
101
102
103

p⊥ W (GeV)

-0.4
-0.2

 0
 0.2
 0.4

 0  100  200  300  400  500

dσ
/d

p ⊥
W

 (
pb

/G
eV

)

(b)

25

50
100

250

500
1000

p⊥ W (GeV)

-0.4
-0.2

 0
 0.2
 0.4

 0  10  20  30  40  50

(1
/σ

)d
σ/

dη
1

(c)

 0.1

 0.2

η1

-0.4
-0.2

 0
 0.2
 0.4

-4 -3 -2 -1  0  1  2  3  4

(1
/σ

)d
σ/

d∆
R

12 (d)

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

∆R12

-1
-0.5

 0
 0.5

 1

 0  1  2  3  4  5

 0.2

 0.4

 0.6

 0.8

 1

 1.2

(1
/σ

)d
σ/

dl
og

10
(d

1/
G

eV
)

(e)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d1/GeV)

 0.2
 0.4
 0.6

 0.8
 1

 1.2

 1.4
 1.6

(1
/σ

)d
σ/

dl
og

10
(d

2/
G

eV
)

(f)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d2/GeV)

 0

 0.5

 1

 1.5

 2

 2.5

(1
/σ

)d
σ/

dl
og

10
(d

3/
G

eV
)

(g)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d3/GeV)

 0.2

 0.4

 0.6

 0.8

 1

 1.2

(1
/σ

)d
σ/

dl
og

10
(d

1/
G

eV
)

(e)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d1/GeV)

 0.2

 0.4
 0.6
 0.8

 1
 1.2

 1.4
 1.6

(1
/σ

)d
σ/

dl
og

10
(d

2/
G

eV
)

(f)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d2/GeV)

 0

 0.5

 1

 1.5

 2

 2.5

(1
/σ

)d
σ/

dl
og

10
(d

3/
G

eV
)

(g)

-0.4
-0.2

 0
 0.2
 0.4

 0.5  1  1.5  2  2.5
log10(d3/GeV)Monte Carlos need to be validated and tuned against most reent LHC and Tevatron data.Disriminating power inreases with more data oming in. Use it to re�ne algorithms!

A little bit of history:DØ data omparison with MCs for Z+jets (1/fb Run2) [Lammers et al.℄

First answer (short time sale) Re-tune parameters.

Seond answer (longer time sale) Improve CKKW.� What were the weak points?no proof of orretness in IS evolutionno beam info for -type measures, but pQCD is rossing invariantmismath between and angular orderingspoils olour-oherent evolutionmismath between luster and parton-shower salesmismath between analyti NLL Sudakovs and atual PS Sudakovsno omplete freedom in de�ning andWe improved on these issues by relying on trunated showers.
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Systematics of merging approaches [EPJC 53 (2008) 473]

W+jets � Tevatron: Alpgen (+PS by Herwig) (left) vs. Sherpa (right)
Example distributions: pT of W , η of 1st jet, ∆R12, di�erential jet rates
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log10(d3/GeV)Monte Carlos need to be validated and tuned against most reent LHC and Tevatron data.Disriminating power inreases with more data oming in. Use it to re�ne algorithms!

A little bit of history:DØ data omparison with MCs for Z+jets (1/fb Run2) [Lammers et al.℄
ALPGEN/MLM – Z+JET ANGLES × – Z+JET PTS X

SHERPA/CKKW – Z+JET ANGLES X – Z+JET PTS ×First answer (short time sale) Re-tune parameters.
SHERPA VS1.1.2 ⇒ VS1.1.3 [2008]Seond answer (longer time sale) Improve CKKW.

SHERPA VS1.1.3 ⇒ VS1.2.X [2009/10] � What were the weak points?

• no proof of orretness in IS evolution
• no beam info for kT -type measures, but pQCD is rossing invariant

• mismath between kT and angular ordering

⇒ spoils olour-oherent evolution

• mismath between luster and parton-shower sales

• mismath between analyti NLL Sudakovs and atual PS Sudakovs

• no omplete freedom in de�ning µF and µRWe improved on these issues by relying on trunated showers.
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Matrix elements and truncated showers – ME&TS

[HÖCHE, KRAUSS, SCHUMANN, SIEGERT, JHEP 05 (2009) 053]

Pseudo shower history
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Key feature of Sherpa is tree-level ME+PS merging. Steadily improved over reent years.State-of-the-art: ME&TSombine PS pros (resumming soft emissions) + ME pros (hard emissions, quantuminterferenes, orrelations)

⇒ Fully populate emission's phase spae with either ME or PS � avoid dead regions.
⇒ ME and PS desribe the same �nal state � remove double ounting.Slie multi-jet phase spae into two domains: via IR-safe jet riterion Qtree-level MEs: jet seed (hard parton) prodution Q > Qcutparton showers: (intra-)jet evolution Qcut > Q > Qhadr

◦ Sudakov form fator fatorizes into ME and PS part.
◦ Replae kernel in ME domain by orret ME expression.Pseudo-shower history for MEs and trunated showering:luster ME �nal states aording to inverse shower formalismPS starts at 2 → 2 ore and may emit partons o� intermediate linesME branhings as resolved must be respeted
◦ preserve evolution, splitting and angular variables.
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Emission above : event rejeted.to be desribed by ME / preserves total xse / Sudakov suppressionEmission below : emission aepted.large-angle soft emissionssoft olour oherenein CKKW only approximately
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Matrix elements and truncated showers – ME&TS
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Matrix elements and truncated showers – ME&TS

[HÖCHE, KRAUSS, SCHUMANN, SIEGERT, JHEP 05 (2009) 053]
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Emission above Qcut: event rejeted.to be desribed by ME / preserves total xse / Sudakov suppressionEmission below Qcut: emission aepted.large-angle soft emissionssoft olour oherenein CKKW only approximately
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Comparison with CDF data – Z+jets productionME&TS :: COMIX + CSS [T. AALTONEN ET AL., PRL 100 (2008) 102001]Sherpa vs1.1 [CKKW℄ (left) ompared with Sherpa vs1.2 [ME&TS℄ (right).Examples of jet observables: new approah better desribes the data.Sherpa preditions multiplied by onstant K-fator, normalized to �rst-jet bin xse.Similar plots avail. for Herwig++'s mod. CKKW. [HAMILTON, RICHARDSON, TULLY, JHEP 11 (2009) 038]
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Z+jets as measured by DØ

Comparison to Sherpa’s CKKW implementation in v1.1.3

Example: DY-pT in Z/γ∗+jet events DØ Data: Phys. Lett. B 669 (2008) 278
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Z+jets as measured by DØ

 

 

 

 

 

 

 

 

 

 

Comparison to Sherpa’s CKKW implementation in v1.1.3

Example: 1st jet-pT in Z/γ∗+jet events DØ Data: Phys. Lett. B 669 (2008) 278
 (

1/
G

eV
)

T
/d

p
Z

+
je

t
σ

 d
×

Z
σ

1/

-410

-310

-210
Data
NLO pQCD + corr.

SHERPA

| < 1.7
µ

< 115 GeV,  |yµµ65 < M

-1, L=1.0 fb∅D

| < 2.8
jet

 > 20 GeV,  |y
jet

T
=0.5,  pconeR

(a)

 (GeV)jet

T
p

210

R
at

io
 to

 S
H

E
R

P
A

1

Data
NLO pQCD

Scale & PDF unc.

LO pQCD

Scale & PDF unc.

SHERPA scale unc.

2

0.7 (b)

20 50 100 200

 

 

 

 

 

 

 

 

 

MC (Nmax3.Qcut30GeV)

data 

10−2

10−1

1

Differential cross section in leading jet p⊥

d
σ
/
d
p
⊥
(1
st

je
t)

20 40 60 80 100 120 140 160 180 200

0.6

0.8

1

1.2

1.4

p⊥(1st jet) [GeV]

M
C
/
d
a
ta

Sherpa v1.1.3

normalised to data

Sherpa v1.2

Jan Winter Fermilab, July 14, 2011 – p.14



Z+jets production @ Tevatron Run2 energiesME&TS :: COMIX + CSS [HÖCHE, KRAUSS, SCHUMANN, SIEGERT, JHEP 05 (2009) 053]Merging systematis has improved: Qcut variation now within ±10%.Di�erential kT jet rates in Qcut = Qjet variation � hadron level. Note Nmax = 5.Note µ2
F = M2

ee and 66 GeV < Mee < 116 GeV.
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Diphoton production @ Run2
Diphoton production at Tevatron

Recently published by DØ Phys.Lett.B690:108-117,2010

Isolated hard photons with:

E
γ
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⊥
> 21 GeV

E
γ
2

⊥
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|ηγ | < 0.9
Isolation: E⊥(R = 0.4)− E

γ

⊥
< 2.5 GeV

Here: Azimuthal angle between the diphoton pair

ME⊗PS simulation using Sherpa 1.2.2 with QCD+QED
interleaved shower and merging as in Phys.Rev.D81:034026,2010
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similarly in PRD81(2010)034026[HÖCHE, SCHUMANN, SIEGERT]

photons & QCD partons treated demoratiallyombine ME of di�erent parton/photon mult.with QCD+QED evolution and hadronizationadd splitting funtions q → qγ,QCD and QED Sudakovs fatorizeunlike large-NC of QCD, spetators are allpartiles ofopposite hargeneglet (negative)interferene withsame-sign harges
Sherpa predition:merged

2 → {2, 3, 4}-jet/γplus gg → γγ box
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NLO vs. ME&TS – LHC predictions for W+3jets
[HÖCHE, HUSTON, MAITRE, WINTER, ZANDERIGHI; LESHOUCHES09 PROCEED.: ARXIV:1003.1241]
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between BLACKHAT [BERGER ET AL.], ROCKET [ELLIS, MELNIKOV, ZANDERIGHI] and SHERPA [GLEISBERG ET AL.]rather di�erent sale hoies at NLO yield > 20% deviations ... impat on BSM searhes !
SHERPA's ME&TS merging in good agreement with NLO one resaled to NLO xse
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NLO vs. ME&TS – LHC predictions for W+3jets
[HÖCHE, HUSTON, MAITRE, WINTER, ZANDERIGHI; LESHOUCHES09 PROCEED.: ARXIV:1003.1241]
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NLO vs. ME&TS – LHC predictions for W+3jets
[HÖCHE, HUSTON, MAITRE, WINTER, ZANDERIGHI; LESHOUCHES09 PROCEED.: ARXIV:1003.1241]
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SHERPA's ME&TS merging in good agreement with NLO one resaled to NLO xse
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Aside – scale uncertainty of multi-leg procs @ NLO

〈 〉

〈 〉• Common agreement: sale dependene de�ned by varying µ0/2 < µ < 2µ0.
• Works relatively well for one-sale proesses where typial NLO sale unertainties are O(10%).But multi-leg proesses are di�erent for at least 2 reasons:

→ Higher powers of the strong oupling.

→ Many � possibly very disparate � kinematial sales.
• New insight from the W+3jets alulations: �sales leading to good perturbative behaviour�.

→ � large HT , properties of W are not important, hene ET,W is not a good sale anymore

→ Alpgen W+3jets (plots from MLM): 〈O〉 = 〈O〉(ET,2 > min ET,2)/〈O〉(ET,2 > 100GeV)Questions:

→ What sets the natural value of µ0?
→ Do we have to modify the simple approah?
→ Should we think about loal sale setting methodsas in CKKW based on relative pT identi�ationbetween partons?
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Systematic uncertainties of ME+PS predictions

Les Houhes 2011:Step-by-step systematisstudy.Estimate and understandunertainties relatedto eah soure.

related to ME+PS merging

Qcut � magnitude of phase-spae separation ut [anels to log auray of shower℄
Nmax

ME � maximum number of jets from hard tree-level MEs[ hoie of internal jet separation measure ℄related to pQCD :: dynamial and loal sale hoiessale unertainties from MEs [renormalization and fatorization sale settings℄sale unertainties from PSs [oupling and PDF sale settings℄related to pQCD�npQCD transitionparton-shower IR ut-o� / intrinsi transverse momentum [tuned � LEP & low-pT DY pair prodution℄PDFs plus αs(MZ) taken from the �t [enter globally, a�et ME and PS℄related to npQCD [phenomenologial universal(?) models need be tuned to data℄hadronization parameters [PROFESSOR tune against LEP data℄underlying event parameters [tuned mainly by hand, partly by PROFESSOR℄
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NLO+PS matchingmath PS to NLO preserving good features of both approahes(Sudakov suppression at small pT , multiple soft/oll emissions)(NLO rate, high-pT shape, redued sale dependene)mathing is smooth, no phase-spae separation ut, �nal states are ready to be hadronizedMC�NLO: http://www.hep.phy.am.a.uk/theory/webber/MCatNLO/
[FRIXIONE, WEBBER; ...]aMC�NLO: automation of MC�NLO ≡ MadFKS + MadLoop [ARXIV:1103.0621] +automation of MC subtration terms

[FREDERIX, FRIXIONE, TORIELLI (+ HIRSCHI, GARZELLI, MALTONI, PITTAU)] (W/Zbb̄ [ARXIV:1106.6019])POWHEG: http://powhegbox.mib.infn.it
[ALIOLI, HAMILTON, NASON, OLEARI, RE] (reent ahievements: V+1jet, Wbb̄ [ARXIV:1105.4488])(POWHEG in Herwig/++ [RICHARDSON ET AL.] to be automated in Mathbox [PLÄTZER ET AL.])

MENLOPS: ombine POWHEG and ME+PS via phase-spae sliing

[HAMILTON, NASON, JHEP 06 (2010) 039](ME+PS resaled to orret inlusive norm by global ut-dependent K-fator.)(Non-unitarity of ME+PS is no problem as long as is smaller than NLO e�ets.)
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Example – MC@NLO
[S. FRIXIONE AND B.R. WEBBER, JHEP 0206 (2002) 029]

pp → W+W− + X � 14 TeV LHC: • pT of the WW systemrate & shape omparisonMC�NLO vs. Herwig PSand NLO preditionnaive NLO+PS leads todouble ountingPS has real-emissionontribution due to�nal-state branhingPS has virtual ontributiondue to no-branhing probabilitysolution: subtrat PS evolutionterms from 2 → n + 1 andadd bak to 2 → nNLO results reovered upon expansion of NLO+PS in αs,mathing is smooth, no phase-spae separation ut, �nal states an be hadronized

Jan Winter Fermilab, July 14, 2011 – p.21



POWHEG in Sherpa
[HÖCHE, KRAUSS, SCHÖNHERR, SIEGERT, JHEP 04 (2011) 024, ARXIV:1009.1127] [SLIDE FROM MAREK SCHÖNHERR]

〈O〉 =

∫

dΦB B̄(ΦB)

[

∆(ME)(t0) O(ΦB) +
∑

∫

t0

dΦR|B
R(ΦR)

B(ΦB)
∆(ME)(t) O(ΦR)

]

• method for matching NLO calculation to PS resummation

JHEP11(2004)040, JHEP11(2007)070

• ME reweighted PS with local K-factor
• NLO event weight B̄ = B + V + I +

∫
dΦR|B [R− S]

• Born, Real from automated tree-level generators
• Virtual e.g. via Binoth Les Houches Accord CPC181(2010)1612

→ for results here BLACKHAT & MCFM libraries interfaced

• Integrated/Subtraction terms from automated implementation of
Catani-Seymour subtraction terms EPJC53(2008)501

• correct PS to ME via weight w(ΦR) = R(ΦR)/R
(PS)(ΦR)

→ alleviated by good approximation of CSSHOWER++ JHEP03(2008)038

• POWHEG Sudakov ∆(ME)(t) = exp
[

−
∑∫

t
dΦR|B

R(ΦR)
B(ΦB)

]

⇒ preserves both NLO and LL accuracy
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POWHEG and ME+PS – MENLOPS in Sherpa
[HÖCHE, KRAUSS, SCHÖNHERR, SIEGERT, JHEP 04 (2011) 024, ARXIV:1009.1127] [SLIDE FROM MAREK SCHÖNHERR]

POWHEG domain
︷ ︸︸ ︷

︸ ︷︷ ︸

ME domain

〈O〉 =

∫

dΦB B̄(ΦB)

[

∆(ME)(t0) O(ΦB)

+

∫

dΦR|B
R(ΦR)

B(ΦB)
∆(ME)(t)Θ(Qcut −Q) O(ΦR)

+

∫

dΦR|B
R(ΦR)

B(ΦB)
∆(PS)(t)Θ(Q −Qcut) O(ΦR)

]

• POWHEG domain restricted to soft emissions Q < Qcut

⇒ NLO accuracy preserved for inclusive observables

• ME⊗PS used for hard emission & higher order emissions

⇒ preserves LO accuracy of every ME emission & LL accuracy of PS

• higher order emissions receive local K-factor
B̄(ΦB)
B(ΦB)

• developed in parallel by JHEP06(2010)039, but using global K-factor
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MENLOPS in Sherpa – Results
[HÖCHE, KRAUSS, SCHÖNHERR, SIEGERT, JHEP 04 (2011) 024, ARXIV:1009.1127] [SLIDE FROM MAREK SCHÖNHERR]→
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POWHEG and MENLOPS
agree well on p⊥ of
hardest jet

MENLOPS superior for
2nd and 3rd jet

pp̄ → ℓ+ℓ− + X
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Application of ME+PS – revisiting CDF’s Wjj excessMismodelled bakgrounds ?single top [SULLIVAN, MENON, ARXIV:1104.3790], top pairs [PLEHN, TAKEUCHI, ARXIV:1104.4087]arefully investigated by CDF no issuesNLO e�ets ?

[CAMPBELL, MARTIN, WILLIAMS, ARXIV:1105.4594] heked exl. and inl. W+2jet ross setionsno inonsistenies / no surprises in K-fatorsOnly 3 publiations deal with the bakgrounds while >20 supply us with BSM explanations.But we have a �Multitude of tools�.How well do they ompare? How well do we know their systematis?Can a oktail of SM e�ets resolve the issue?Les Houhes 2011 study [KRAUSS, WINTER]E�et of di�erent ways to ompute diboson prodution.Contribution of Z → τ τ + jet to the CDF analysis' �nal state.E�et of sale variations on W+2jet shapes of ME+PS Sherpa samples.
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SHERPASHERPASHERPASHERPA
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Application of ME+PS – W+jets @ LHC 7 TeV
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SummaryHigher-order alulations are needed to meet the requirements on the preision of theoretialpreditions in the LHC era.

• Or is it the era of puzzles to be solved.Parton showers are improved by merging them with real-emission MEs for hard radiation.

⇒ ME+PS: CKKW(L), MLM, ...Comparison with data: di�erenes are on 20�40% level if an overall K-fator is used to orret forthe total inlusive ross setion as measured in the experiment.
⇒ Sherpa's new sheme is ME&TS. (Also in Herwig++.) Redued systemati unertainties.Beyond ME+PS/ME&TS: ombine NLO+PS onsistently ⇒ MC�NLO and POWHEGwith a number of proesses available. New automated approah aMC�NLO. Moreover,

MENLOPS is a �rst suessful attempt to ombine NLO with tree-level higher-order MEs.

⇒ Very ative �eld of researh.Need for good understanding of how NLO, NLO+PS, ME+PS and shower models ompareto eah other and data. What are reliable estimates for their theoretial unertainties?

• This is ruial for assessing the reported anomalies.
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